Spinal muscular atrophy (SMA) is a frequent recessive autosomal disorder. It is caused by mutations or deletion of the telomeric copy of the survival motor neuron (SMN) gene, leading to depletion in SMN protein levels. The treatment rationale for SMA is to halt or delay the degeneration of motor neurons, but to date there are no effective drug treatments for this disease. We have previously demonstrated that pseudotyping of the nonprimate equine infectious anemia virus (using the lentivector gene transfer system) with the glycoprotein of the Evelyn-Rokitnicki-Abelseth strain of the rabies virus confers retrograde axonal transport on these vectors. Here, we report that lentivector expressing human SMN was successfully used to restore SMN protein levels in SMA type 1 fibroblasts. Multiple single injections of a lentiviral vector expressing SMN in various muscles of SMA mice restored SMN to motor neurons, reduced motor neuron death, and increased the life expectancy by an average of 3 and 5 days (20% and 38%) compared with LacZ and untreated animals, respectively. Further extension of survival by SMN expression constructs will likely require a knowledge of when and/or where high levels of SMN are needed.
Introduction
Spinal muscular atrophy (SMA) is one of the most common genetic diseases leading to death in childhood. SMA is characterized by muscle weakness caused by degeneration of motor neurons (MNs) in the spinal cord and brain stem nuclei (1, 2) . It is caused by mutations or deletion of the telomeric copy (SMN1) of the survival motor neuron (SMN) gene, leading to depletion in SMN protein levels (3) . Based on the clinical severity and age at onset, the childhood SMAs have been divided into 3 types (4, 5) . Type I SMA is the most severe, with onset occurring by 6 months of age and death by 2 years of age. The human SMN gene is located within a duplicated region, and both SMN genes are expressed. The 2 genes differ essentially by a single nucleotide that affects an exon splice enhancer, resulting in the majority of the transcript from SMN2 lacking exon 7 (6, 7) . SMN2 does produce some full-length transcript and therefore stable SMN protein, but the levels are reduced; for an unknown reason this has a particular adverse effect on MNs. In contrast to humans, mice have a single gene (Smn) that is equivalent to SMN1. Homozygous loss of this gene is lethal to embryos and results in massive cell death (8) , which indicates that the SMN gene product is necessary for cellular survival and function. The introduction of 2 copies of SMN2 into mice lacking Smn rescues the embryonic lethality, resulting in mice with the SMA phenotype (9) . A high copy number of SMN2 rescues the mice because sufficient SMN protein is produced in MNs. The question becomes how to deliver SMN to sufficient MNs. We recently developed a novel lentiviral gene transfer system (lentivector) to deliver transgenes to neurons (10) (11) (12) . Equine infectious anemia virus (EIAV) vectors provide stable, long-term expression of exogenous genes after integration into the DNA of the host cell. For example, we recently reported that this particular viral vector led to long-term efficacy and correction of the amyotrophic lateral sclerosis (ALS) mouse model for over 5 months (12) . The marker LacZ gene was expressed in the rat striatum for more than 5 months after transduction (10) . Here, we have generated lentivector expressing human SMN and successfully used it to restore gemini of coiled bodies (gems) in type I SMA fibroblasts. Lentivector-mediated SMN gene therapy in SMA mice improved MN survival and induced a small but still significant increase in survival.
Results
Lentivector-mediated gene transfer in neonate mice. We first investigated the ability of rabies G pseudotyped EIAV-based lentivector to transduce MNs in the spinal cord and brain stem following viral injections into muscles of P2 FVB WT mice. P2 was chosen because this day was prior to the point of MN cell body loss in the SMA mice (13) . One week after injection of high-titer lentivectorLacZ (approximately 10 9 transducing units [T.U.]/ml) unilaterally in the gastrocnemius and facial muscle, strong reporter gene expression was observed in both the spinal cord ( Figure 1 , A and E), brain stem ( Figure 1 , B, C, and E), and muscle ( Figure 1D ). When staining for calcitonin gene-related peptide (CGRP) to identify the MNs more directly, we found that all β-gal-labeled neurons were also stained for CGRP (Figure 1, F and G) . CGRP-β-gal double labeling of spinal cord sections revealed that more than 70% of CGRP-positive MNs were transduced. Gene transfer was specific for MNs because LacZ was not detectable in other cell types (i.e., glial cells, vascular cells). Retrograde transport of viral vector itself was confirmed by quantitative PCR (Taqman) experiments using sections taken from facial nucleus area, revealing that viral DNA could only be amplified from this area after rabies-G pseudotyped EIAV facial muscle transduction (data not shown). These findings further indicate that the EIAV-LacZ vectors were indeed retrogradely transported from the ipsilaterally injected muscle to the MNs in the spinal cord where the LacZ transgene was expressed unilaterally.
Lentivector-SMN restores SMN protein in SMA type 1 fibroblasts. The SMN protein is a 38-kDa, ubiquitously expressed protein found in the cytoplasm and nucleus (14, 15) . In the nucleus of most cells SMN is concentrated in structures termed gems, which often colocalize with coiled bodies (16) . In tissues and cells from type I SMA patients SMN levels are severely reduced and cells have few or no gems (15, 17) . We have constructed lentivector (EIAV) expressing SMN or epitope-tagged HA-SMN (Figure 2A ). Prior to in vivo gene transfer in SMA mice, we tested the ability of these constructs to express SMN in a type I SMA fibroblast cell line (Figure 2 ). We used fibroblasts from type I SMA patients because these cells produce very few or no gems (18) . High SMN protein levels were detected in fibroblasts that had been incubated with lentivector-SMN, that is, up to 7 gems per cell were obtained in fibroblasts transduced with lentivector-SMN ( Figure  2B ). Gem counts revealed that the number of gems in lentivector-SMN-transduced cells was approximately twice that observed in normal fibroblasts ( Figure 2J ). Very few or no gems were detected in LacZ-transduced SMA patient-derived fibroblasts ( Figure 2 , C and J). To demonstrate that these structures are indeed gems, we performed double labeling of SMN and other proteins normally associated with nuclear gems, such as gemin2 (Figure 2, D-F) . Western blots of transduced fibroblasts also revealed high SMN levels when the SMN construct was used ( Figure 2K ) compared with LacZ and mock cells. Taken together, these data indicate high efficiency of lentivector expressing SMN to restore gems in SMA patient-derived fibroblasts.
Lentivector-mediated SMN replacement in SMA mice. The SMA mice used in the present study were generated as reported (13) . These mice survive for a mean of 13.27 ± 0.34 days and showed significant weight differences by 5 days of age. The SMA mouse model displays MN cell body loss at 9 days of age. To explore the efficacy of SMN gene transfer on MN survival in the SMA mouse model, lentivector-SMN or lentivector-LacZ vectors were injected bilaterally into the hind limb gastrocnemius, diaphragm, intercostal, facial, and tongue muscles of SMA mice at disease onset at 2 days of age. Each muscle received single injections into multiple sites. We intentionally chose these sites of injection, because these muscles are critical for mobility (hind limb), respiration (diaphragm and intercostal muscles), and feeding (facial, tongue) and thus together determine general health and survival of the mice. A total of 5 SMA animals were injected with SMN-expressing lentivector and 5 with LacZexpressing vector. Five untreated animals were also included in the study. Analysis of their body weight revealed significant weight loss of LacZ-injected SMA mice starting between 4 and 5 days of age ( Figure 3A ). The introduction of the SMN construct delayed the weight loss by 2-3 days, however, compared with LacZ-injected animals ( Figure 3A ). The behavior of the animals followed the weight profile with treated animals showing delayed phenotypic presentation and losing the ability to ambulate slightly later.
The mice were killed at the clinical end point when they had difficulty feeding, had a clear downward trend, and demonstrated breathing problems. Survival analysis in SMA mice injected with lentivector-LacZ or lentivector-SMN revealed that SMN replacement significantly extended the life span by an average of 3 and 5 days compared with lentivector-LacZ-injected and untreated animals, respectively (18 ± 1.5 days versus 15 ± 0.8 days and 13 ± 1.2 days, respectively; P < 0.05; Figure 3B ).
To monitor transgene expression in vivo, we used a lentivector encoding a HA epitope-tagged version of SMN. HA labeling at the end stage of disease revealed that lentivector-derived SMN protein was expressed in approximately 450 ± 15 MNs in the ventral horn of lumbar spinal cord (Figure 3, C and D) . No HA staining was observed in LacZ-injected mice ( Figure 3E ). To further demonstrate gene transfer with lentivector-SMN vectors, Western blots of ventral horn spinal cord from SMN-treated mice revealed high SMN levels compared with LacZ-injected animals ( Figure  3H ). Taken together, the above results are indicative that gene transfer using lentivector expressing SMN at onset of disease induces not only an extension in life span, but also results in a delay in the motor phenotype in a severe model of SMA.
Effects of SMN replacement on MN survival. To correlate clinical evolution with histological data, the effect of SMN treatment on the number of MNs in the spinal cord and facial nucleus was evaluated. The number of facial and spinal MNs was therefore compared in lentivector-LacZ-treated and lentivector-SMN-treated SMA mice at a time when they reached the fatal clinical end point (Figure 4) . In healthy WT littermates, an average of 55 choline acetyltransferase-positive (ChAT-positive) MNs were present per facial nucleus section ( Figure 4F ). Cell counts at the end stage of disease revealed that ChAT-positive MN numbers per brain stem section were significantly higher in lentivector-SMN-treated than in lentivector-LacZ control mice, with a notable 120% increase in MN survival (38 ± 2.5 versus 17.2 ± 4.2 ChAT-positive MNs; n = 4; P < 0.001; Figure 4 , A, B, and F). The lumbar MNs are normally affected early in the disease course in SMA mice. Thus, as expected, at the preterminal end stage of disease, only minimal -though still statistically significant -differences in the lumbar MN cell counts were detected between lentivector-LacZ-treated and lentivector-SMN-treated animals ( Figure 4, C-E) .
SMN gene therapy induces a minimal immune response. Lentivector-mediated gene transfer in 2-day-old SMA mice induced a minimal immune response in muscles. Specific Ab markers were used to detect immune responsive cells at the site of injection at the end stage of disease. In no cases after EIAV viral delivery were any adverse muscle or spinal cord pathology observed (Figure 5) . Intramuscular injections of lentivector-SMN and production of SMN protein ( Figure 3B ) caused negligible immune reaction, consisting only of a small infiltration of FA11 + macrophages ( Figure 5A ) and CD3 + T cells ( Figure 5B ) around the needle tract. In addition, very few or no P7/7-MHC class II-positive cells were observed in the injected muscles ( Figure 5C ).
Discussion
Our data demonstrate, using anatomical and pathological outcomes, that retrogradely transported lentivector efficiently transduces up to 70% of all MNs in the lumbar spinal cord and brain stem in the SMA model. When using such a lentivector system, SMN gene transfer achieves substantial restoration of SMN expression in the fibroblast cell line from type I SMA patients. We report here, we believe for the first time, that these vectors can thus be successfully used for SMN gene therapy in a SMA mouse model. Lentivector expressing SMN induces extension of survival in a clinically relevant model of type I SMA. In particular, SMN treatment close to onset of disease delayed onset of disease and increased life expectancy of SMA mice.
Despite worldwide efforts, SMA is, to date, still incurable, in part because of its severity and because the methods to deliver therapeutically attractive molecules are still inefficient. So far, only 1 gene therapy study has been reported in the field (19) . In a previous study (19) , gene transfer of cardiotrophin-1, using intramuscular injection of adenoviral vectors, induced extension of the life span of another mouse SMA model (20) 30% (19) . Theoretically, the SMN replacement approach is straightforward and easy to achieve. This approach represents a medical challenge, however, when considering that SMA mice develop a phenotype 5 days after birth, first by a decrease in their body weight, followed by MN loss starting at 9 days of age. As the disease progresses, they also develop proximal muscle weakness and atrophy, resulting in end-stage paralysis and death at approximately 13.27 days of age. To explain the minimal effect of SMN replacement on survival of the SMA mouse model, we could propose the following possibilities: (a) SMN expression may need to be restored not only in MNs but also in other cell types such as glia (21); (b) the time window in SMA mice is too short for full SMN expression to occur and spare more MNs (in the present study, lentivector-SMN administration was performed at P2; however, an early treatment, for example, in utero, could improve further the survival of these mice); (c) it has been previously reported in an animal model of another MN disease (ALS) that an increased metabolic demands (hypermetabolism) could be a factor in increasing MN vulnerability (22) . It appears, therefore, that other factors could contribute to MN diseases. Typically, delivery of recombinant growth factors such as GDNF and IGF-I has resulted in marginal therapeutic efficacy in clinical trials for MN diseases such as ALS, presumably because of their short half-life and poor access to MNs (23) . The present gene delivery methodology circumvents such needs and problems, and our findings even suggest that targeted delivery of therapeutic candidates in the vicinity of degenerating MN cell bodies by intramuscular injection of retrogradely transported viral vectors may be helpful and, perhaps, even critical to obtain therapeutic efficiency. In support of this suggestion, we previously demonstrated, using the same methodology, that lentivector-mediated VEGF gene therapy achieves one of the highest therapeutic effects on survival in the ALS mouse model reported to date (12) . We believe that this approach may have potential as a safe and practical treatment for many of the motor symptoms of human SMA.
Methods
Viral production. EIAV self-inactivating vector genomes were constructed from pONY8.0Z or pONY8.0G vectors described previously (10, 24) . The cDNA coding for the reporter gene LacZ or the human SMN was cloned in the EIAV transfer vector. A EIAV vector genome has been generated that encodes the SMN gene with or without a HA tag. Viral vector stocks pseudotyped with rabies G glycoprotein were prepared using the HEK293T transient system as previously described (10, 25) . The titers (approximately 4 × 10 9 T.U./ml) of concentrated EIAV-LacZ viral vectors were estimated by transduction of D17 cells. The titers (4 × 10 9 to 7 × 10 9 T.U./ml) of the EIAV-SMN or EIAV-EIAV-SMN-HA vectors were estimated using real-time quantitative RT-PCR by comparison to EIAV-LacZ vectors and were normalized for viral RNA (26, 27) .
In vitro transduction. GM03813 fibroblasts from a type 1 SMA patient (Coreill Cell Repository) were transduced with either EIAV-SMN, EIAV-SMN-HA, or EIAV-LacZ vectors pseudotyped with the rabies-G (ERAwt) envelope at an MOI of 20 and 100, respectively, in the presence of 8 μg/ml polybrene (25) . At 7 days after transduction, the cells were fixed in 4% paraformaldehyde. SMN expression was monitored using Abs against SMN and HA tag.
Histology and immunohistochemistry. Animals were perfused transcardially with 0.9% NaCl solution followed by ice-cold 4% paraformaldehyde. Spinal cord, brain, and muscle tissues were dissected out, postfixed overnight in the same solution, and then transferred to 30% sucrose. Tissues were analyzed by immunohistochemistry and X-gal reaction. Spinal cord and brain tissue were cut on a sliding cryostat microtome (Leica) at a thickness of 20 μm and collected as free-floating sections in PBS containing sodium azide. Primary Abs were used as follows: mouse anti-HA (1:100; Roche Diagnostics); mouse anti-SMN (1:1,000; Transduction Laboratories); rabbit anti-β-gal (1:1,000; Cortex Biochem Inc.); rabbit anti-CGRP (1:3,000; Sigma-Aldrich); mouse anti-ChAT (1:1,000; gift from B.K. Hartman and C. Cozari, University of Minnesota, Minneapolis, Minnesota, USA); CD3-T cells (1:50; Dako Corp.); and P7/7-MHCII (1:100; Dako Corp.).
SMA animal model. All animal procedures were carried out according to United Kingdom Home Office regulations. The SMA mouse model used in the current study was generated by Le and colleagues (13) . Briefly, an SMN cDNA lacking exon 7 was placed under the control of a 3.4-kb SMN promoter fragment (transgene referred to as SMNΔ7) and microinjected into fertilized mouse oocytes (FVB/N). All lines had multiple copies of the transgene as determined by real-time PCR. The SMNΔ7 transgenic mice were crossed with mice containing SMN2 and a mouse Smn KO allele (8) to obtain doubletransgenic mice SMNΔ7 SMN2 Smn +/-on a FVB/N background backcrossed for 6 generations. These double-transgenic mice were interbred to obtain Smn -/-mice with SMN2 and SMNΔ7. Smn -/-SMN2 mice carrying 2 copies of SMN2 transgene survive an average of 5.16 days after birth (9) . SMNΔ7 was found to extend the survival of Smn -/-SMN2 mice from 5.16 ± 0.24 days to 13.27 ± 0.34 days (13) .
Intramuscular viral delivery. Rabies G pseudotyped lentiviral vectors carrying human SMN or LacZ gene were injected bilaterally into the hind limb (30 μl each), facial (10 μl), diaphragm (20 μl), intercostal (10 μl), and tongue muscles (5 μl) of SMA transgenic mice at P2. Lentivector-SMN or lentivector-LacZ vectors were injected bilaterally into the hind limb gastrocnemius, diaphragm, intercostal, facial, and tongue muscles of SMA mice at disease onset at 2 days of age. Each muscle received single injections into multiple sites. A first group of SMA mice received injections of EIAV-SMN (n = 5) at P2. Another group of SMA animals was treated with EIAVLacZ vector (n = 5). Untreated SMA mice were also included in the present study (n = 5). Injections were done by an operator that was not involved in the further follow-up of animals.
Cell counts. All cell counts were assessed blind by 2 independent observers. In brief, the number of transduced cells were counted in every fifth section throughout the entire lumbar spinal cord and facial nucleus. The counts were performed at a magnification of ×40. The coefficient of error was determined as described previously by Abercrombie (28) .
Statistical analysis. Data were expressed as the mean ± SEM, and statistical analysis was performed using a 1-way ANOVA for comparison between treatment groups. The significance level was set at P values less than 0.05.
